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The ADAMs, a large family of membrane-anchored cell The ADAMs are most similar in domain organization to
surface proteins, have a unique domain organization as well P-III SVMPs. Like these proteins, and as their name denotes,
as an interesting scienti®c history (Perry et al., 1995a; ADAMs contain A Disintegrin And Metalloprotease do-
Weskamp and Blobel, 1994; Wolfsberg et al., 1993, 1995a, main (Fig. 1a). However, they also contain domains not
1995b). All members contain four potential functional do- found in any SVMP. For one, in their cysteine-rich domains,
mains: a proteolytic domain, an adhesion domain, a fusion four ADAMs (Table 1) contain potential fusogenic se-
domain, and a signaling domain (Fig. 1a). Thus, on the basis quences. In addition, ADAMs contain carboxy-terminal se-
of their extracellular domains they can be added to the ranks quences that encode an EGF-like repeat, a transmembrane
not only of membrane-anchored proteases, such as matrix domain, and a cytoplasmic tail. Like those of other cell
type membrane metalloprotease (MT-MMP) and meprin surface molecules, the tails of some ADAMs may have in-
(Fig. 1c), but also of cell surface adhesion molecules, includ- herent signaling activity.
ing integrins, IgG superfamily members, cadherins, selec- Because of their sequence similarity to a family of pro-
tins, and syndecans (Fig. 1d) (Bern®eld et al., 1992; Hynes teins derived from snakes, it was rather poetic that the ®rst
and Lander, 1992; Marchand et al., 1995; Takino et al., reported ADAMs, ADAMs 1 and 2 (Table 1), were isolated
1995). To the best of our knowledge, the ADAMs are the during an analysis of a sperm protein complex involved in
®rst family of membrane proteins reported to have candi- mammalian fertilization (Blobel et al., 1990; Primakoff et
date adhesive and antiadhesive functions in their extracel- al., 1987). Since the discovery of these ®rst ADAMs in 1992
lular domains. They are thus poised to play a number of (Blobel et al., 1992), the family has grown at a staggering
important roles in developmental biology. rate. In the past 4 years, 13 additional full-length ADAMs
The protease and cell adhesion domains of the ADAMs have been isolated from a variety of tissues and organisms
share 30% sequence identity with a rather esoteric set of
(Table 1). Some ADAMs, such as ADAMs 3 and 7±11 , were
snake proteins exuded in the highly toxic venom of crotal-
identi®ed serendipitously by investigators studying charac-ids. These potent proteins include metalloproteases, which
teristics of speci®c tissues. Others, ADAMs 4±6 and 12±degrade capillary basement membrane components, and
15, were cloned intentionally by identifying cDNAs whichdisintegrins, which, as the name suggests, bind to integrins
shared sequence similarity with other members of the fam-and disrupt cell±matrix interactions (Figs. 2A and 2B). The
ily. Based on additional partial cDNA sequences, therenet effect is massive hemorrhage due to the disruption of
could be up to 9 additional human ADAMs, 7 from mouse,blood vessels as well as to the inhibition of platelet aggrega-
and 6 from monkey (see Table II in Wolfsberg et al., 1995a)tion. These soluble metalloproteases and disintegrins both
(see also Perry et al., 1995a; Yagami-Hiromasa et al., 1995derive from the same protein precursors, which are mem-
and GenBank N73388). ADAMs have been referred to bybers of a family of proteins referred to as the snake venom
other names, including cellular disintegrins (Weskamp etmetalloproteases (SVMPs) (Bjarnason and Fox, 1995; Fox
al., 1996) and MDCs, for metalloprotease/disintegrin/cys-and Bjarnason, 1995; Niewiarowski et al., 1994). SVMPs can
teine (Perry et al., 1995a).be divided into three groups, P-I, P-II, and P-III (Fig. 1b). All
ADAMs 1 ±6 have been implicated in fertilization and/contain a signal sequence, a regulatory prodomain, and a
or spermatogenesis (Barker et al., 1994; Blobel et al., 1992;zinc-dependent metalloprotease domain. P-II SVMPs pos-
Evans et al., 1995; Heinlein et al., 1994; Perry et al., 1994;sess a downstream disintegrin domain. P-III SVMPs contain
Perry et al., 1995a; Perry et al., 1995b; Wolfsberg et al.,an additional downstream cysteine-rich domain of un-
known function. 1993; Wolfsberg et al., 1995b) (see also below). ADAM 7
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was identi®ed as an androgen-regulated protein expressed THE PROTEASE DOMAIN
on the apical surface of epididymal epithelial cells (Perry
et al., 1992). ADAM 8 is a major surface antigen on mouse Although the structure of an ADAM has not yet been
macrophages (Yoshida et al., 1990). A nearly full-length determined, crystal structures of two SVMP metallopro-
clone of ADAM 9 was ®rst identi®ed in human myelo- tease domains have been solved (Gomis-Ruth et al., 1994;
blasts (GenBank D14665). The full-length human se- Zhang et al., 1994). The metalloprotease domains of the
quence, as well as its murine ortholog, were recently ob- SVMPs, and likely ADAMs, are part of a superfamily of
tained and found to be widely distributed (Weskamp et zinc-dependent metalloproteases, the metzincins, which
al., 1996). ADAM 10 is a metalloprotease ®rst isolated also include the astacin, serralysin, and matrix metallopro-
from bovine brain (Howard and Glynn, 1995; Howard et tease (collagenase) families of metalloproteases (Stocker et
al., 1996). Based on its linkage with somatic breast can- al., 1995). All metzincins contain a 5-stranded b sheet and
cers, ADAM 11 was originally implicated as a candidate 3 a-helices, a characteristic active-site sequence, HEXXHX-
breast cancer tumor suppressor (Emi et al., 1993; Katagiri XGXXH, and a conserved methionine residue which helps
et al., 1995). ADAM 12 is involved in myoblast fusion to stabilize the active-site. However, despite this similarity
(Yagami-Hiromasa et al., 1995). ADAM 13 was isolated in the metalloprotease domain, other metzincins do not
from Xenopus embryos (D. Alfandari, TGW, JMW, and share any additional domains with the SVMPs or ADAMs.
D. DeSimone, unpubl.). ADAM 14 was cloned from C. Furthermore, with a few exceptions (Fig. 1c), most metzin-
elegans (Podbilewicz, 1996). ADAM 15 was isolated from cins are, like the SVMPs, soluble proteins.
a human mammary epithelial carcinoma cell line and is All SVMP metalloproteases contain the extended active-
widely expressed (Kratzschmar et al., 1996). site sequence HEXGHNLGXXHD (Rawlings and Barrett,
Although all ADAMs described to date have the same 1995; Stocker et al., 1995). The crystal structures show that,
domain organization, it is clear that all are not capable like other metzincins, the three histidine residues (under-
of manifesting all the potential functions of proteolysis, lined) ligand the zinc, the glutamic acid (bold) is the cata-
adhesion, fusion, and signaling. Sequence analysis sug- lytic base, and the glycine (italicized) allows an important
gests that one subset of ADAMs is likely to be proteolyti- structural turn. Seven of the 15 full-length ADAMs, AD-
cally active, while another, overlapping subset is likely AMs 1, 8±10, 12, 13, and 15 (Table 1), contain a similar
to be involved in cell±cell fusion (Table 1). It is not yet extended sequence motif, HEXGHXXGXXHD, at the corre-
clear which ADAMs are involved in cell adhesion or in sponding position. Thus, we predict that these ADAMs are
signaling (Fig. 3). We now discuss the sequence and struc- likely to be catalytically active and may function like the
tural features of the different domains of the ADAMs. We SVMPs, with extracellular matrix or cell surface compo-
then present evidence which suggests that these predicted nents serving as their target substrates (Bjarnson and Fox,
functional domains are indeed playing important roles in 1995; Moura-da-Silva et al., 1996). Other ADAMs contain
fertilization and myoblast fusion and provide early hints a different sequence at this site and are likely catalytically
of the exciting roles these domains may play in other inert. Regulation of SVMP metalloprotease activity occurs
by a cysteine-switch mechanism, in which a cysteine resi-developmental events.
FIG. 1. Domain organization of ADAMs, SVMPs, and membrane-bound proteases and adhesion molecules. The extracellular regions of
these class I membrane proteins are composed of multiple domains. Domains indicated in color represent potential functional domains:
adhesion domains (turquoise), proteolytic domains (dark blue), signal sequences (red), prodomains (dark green), EGF-like repeats (yellow),
and cytoplasmic tails (light green). These colors do not necessarily imply any sequence similarity. Figures are approximately to scale. (a)
ADAMs. The prototype of the ADAM family, ADAM 1, is shown. It contains pro (P), metalloprotease-like (M), disintegrin-like (D),
cysteine-rich (C) (magenta), EGF-like (E), transmembrane, and cytoplasmic domains. Although ADAM 1 is shown alone here, it exists as
a heterodimer with ADAM 2 on sperm. We do not know if other ADAMs exist as monomers or multimers. (b) SVMPs. The three classes
of snake venom metalloproteases (SVMPs) are shown (Bjarnason and Fox, 1995). All contain pro (P) and metalloprotease (M) domains;
some contain disintegrin (D) or cysteine-rich (C) domains. These domains are similar in sequence to those found in the ADAMs. (c)
Membrane-bound proteases. Two representative membrane-anchored metalloproteases of the metzincin superfamily are shown (Marchand
et al., 1995; Takino et al., 1995). In addition to the pro and metalloprotease domains, we have indicated the haemopexin domain (brown)
of MT-MMP-1 and the MAM domain (orange) of meprin b. MT-MMP-1 is a membrane-anchored member of the matrix metalloprotease
(also known as the collagenase or matrixin) family, and meprin is a membrane-anchored member of the astacin family of zinc metallopro-
teases. (d) Families of membrane-bound adhesion molecules. One example from each family is shown (Bern®eld et al., 1992; Hynes and
Lander, 1992). Other members of each family may contain different numbers of domains. In addition to the domains speci®ed above, we
have indicated the following features: the ®ve CAD repeats of E-cadherin (open turquoise boxes); the ®ve immunoglobulin-like domains
(loops) and two ®bronectin type III repeats (purple) of N-CAM; the lectin domain (turquoise) and eight repeats which resemble complement
binding protein (ovals) of P-selectin; the regions of the aIIb and b3 integrins implicated in ligand binding (turquoise) and the four cysteine-
rich repeats (magenta) of the b3 integrin; and the heparin sulfate chains (turquoise lines) of syndecan I.
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TABLE 1
Full-length ADAMs
cDNA Other designations Tissue distribution Organism: Acc.
ADAM 1a,b PH-30 a; Fertilin a Testis; many GP: Z11719; Mouse: U22056; Monk: X79808, X79809; Rabbit: U46069
ADAM 2 PH-30 b; Fertilin b Testis GP: Z11720; Mouse: U22057, U16242; Monk: X77653; Rabbit: U46070
ADAM 3 Cyritestin; tMDC I Testis Mouse: X64227; Monk: X76637
ADAM 4 Assorted Mouse: U22058
ADAM 5 tMDC II Testis; several GP: U22060; Mouse: U22059; Monk: X77619
ADAM 6 tMDC IV Testis, liver GP: U22061; Monk: X87205-7
ADAM 7 EAP I Epididymis Monk: X66139; Rat: X66140
ADAM 8a,c MS2 Macrophage Mouse: X13335
ADAM 9a,b,c MDC9 Many Mouse: U41765; Human: D14665, U41766
ADAM 10a,c MADM Brain; monocyte Bovine: Z21961; Rat: Z48444; Human: Z48579
ADAM 11b MDC Neural and endocrine Human: D17390
ADAM 12a,b,c Meltrin a Sk. Muscle, bone Mouse: D50411
ADAM 13a,c,d Xenopus
ADAM 14e adm-1 C. elegans
ADAM 15a,c Metargidin; MDC 15 Many Human: U41767, U46005
Note. Acc. indicates the GenBank accession number. The GenBank sequence database contains many cDNA fragments (expressed
sequence tags) derived from ADAMs 9, 10, 12, and 15. These cDNAs were isolated from a number of different libraries. As a supplement
to the tissue distribution patterns shown above, we present a partial list of the ADAM cDNA fragments and the tissues in which they
were found. ADAM 9: human myeloblast (D14665), testis (T19196), infant brain (H11999), fetal liver and/or spleen (H59230), lung (T29061)
and placenta (R31348). ADAM 10: C. elegans (M79534, D36654); human skeletal muscle (Z19226), melanocyte (N48409) and fetal spleen
and liver (N59582). ADAM 12: human placenta (T49942). ADAM 15: human placenta (R82416) and breast (R69500).
a All listed orthologs of these ADAMs are likely to be catalytically active metalloproteases.
b All listed orthologs of these ADAMs contain a potential fusion peptide sequence.
c All listed orthologs of these ADAMs contain putative consensus sequences for binding to SH3 domains.
d The sequence of ADAM 13 is from D. Alfandari, T.G.W., J.M.W., and D. DeSimone, in preparation.
e The sequence of ADAM 14 was kindly provided by B. Podbilewicz.
due near the carboxyl-terminus of the prodomain ligands 50±75 amino acid proteins bind to the platelet integrin
with the active-site zinc, thereby maintaining it in an inac- gpIIb/IIIa with nanomolar af®nity, block ®brinogen binding,
tive state (Fox and Bjarnason, 1995). ADAMs which encode and hence inhibit platelet aggregation (Figs. 2A and 2B).
the metalloprotease active-site residues also contain a po- The NMR structures of two P-II disintegrins, kistrin and
tential ``cysteine-switch'' cysteine, and thus their protease echistatin, have been determined (Adler et al., 1991; Saudek
domains may be activated by removal of their prodomains. et al., 1991). Although the disul®de bonding pattern of these
Additional data support the hypothesis that selected AD- two disintegrins is slightly different, both contain a 13
AMs are catalytically active. For one, ADAM 10 can degrade amino acid loop which protrudes from the core structure
myelin basic protein (Howard and Glynn, 1995). Further- and contains, at its tip, the sequence RGD. This canonical
more, computer modeling shows that the sequence of the integrin-binding sequence likely binds to a pocket in the
metalloprotease domain of ADAM 1 can been superimposed gpIIb/IIIA integrin heterodimer (Fig. 2B).
with a good ®t on the structure of atrolysin d (E. Meyer and The P-III SVMP disintegrins share a high amount of se-
I. Botos, personal communication). Finally, the potential to quence similarity with the P-II SVMP disintegrins, although
be or not to be a protease is conserved in a given ADAM they have not yet been studied as extensively. Recent evi-
across mammalian species. For example, the predicted pro- dence suggests that at least two of the P-III disintegrins,
tease domains of guinea pig, mouse, bull, rabbit, and mon- jararhagin (Usami et al., 1994) and atrolysin a (J. Fox, per-
key ADAM 1 all possess the extended catalytic active site, sonal communication), interfere potently with platelet ag-
while the metalloprotease-like domains of ADAM 2 from gregation, presumably by disrupting integrin-mediated in-
those species all contain a different sequence in this region. teractions (Fig. 2B). However, as high resolution structural
information is not yet available for any P-III disintegrin, it
is not yet clear how they might bind to their presumedTHE ADHESION DOMAIN
integrin ligands. Sequence alignment shows that in place of
the predicted integrin binding sequences of P-II disintegrins,The best studied disintegrins are those derived by proteol-
ysis from P-II SVMPs (Niewiarowski et al., 1994). These which include, in addition to RGD, sequences such as RSE,
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FIG. 2. Cartoon depicting (A) a cell attached to the extracellular matrix (ECM) via an integrin receptor, (B) a soluble disintegrin disrupting
the integrin-mediated attachment of a cell to the ECM, and (C) cell±cell attachment mediated by the disintegrin domain of an ADAM
engaging an integrin receptor. N denotes the nucleus. Shaded areas in B and C, respectively, represent a soluble snake disintegrin and the
disintegrin domain of an ADAM, a membrane-bound cell surface protein. The ADAM heterodimer is depicted as composed of ``mature''
subunits such as those of the ADAM 1/2 (fertilin a/b) heterodimer as expressed on mature, fertilization-competent sperm (i.e., the upstream
regulatory and metalloprotease domains have been removed by prior proteolytic processing).
MVD, MSE, and KGD, P-III disintegrins have sequences either an aspartic or a glutamic acid residue just prior to
the extra cysteine, not all ADAMs have a negatively chargedsuch as MSEC, RSEC, IDDC, and RDDC. Thus, in P-III
disintegrins, a tripeptide, along with an adjacent carboxy- residue in this position. ADAM 15 (Kratzschmar et al.,
1996) has the sequence RGDC in the position of the pre-terminal cysteine residue, may be the integrin ligand. None
of the P-II disintegrins have a cysteine residue correspond- dicted integrin binding site. Furthermore, not all ADAMs
have exactly 14 amino acids in their predicted binding loop.ing to this carboxyl-terminal cysteine. It is not yet known
whether this extra cysteine has a free sulfhydryl group or The meaning of the sequence degeneracy in the ADAM
disintegrin loops is not yet clear. The diverse sequenceswhether it is involved in a disul®de bond, for example with
a cysteine in the downstream cysteine-rich domain. It is could re¯ect that (1) not all ADAMs serve as ligands (core-
ceptors) for integrins (or other cell surface receptors), (2)even possible that the binding mechanism of P-III disinte-
grins involves a rearrangement of disul®de bonds. ADAMs with different sequences bind to different types
of cell surface receptors, or (3) the important part of theThe disintegrin domains of the ADAMs share with their
P-III SVMP counterparts the extra cysteine carboxy-termi- disintegrin loop is its structure, not its sequence, and thus,
that the receptors for speci®c classes of ADAMs can recog-nal to the presumed active site tripeptide. A distinction,
however, is that the sequence of the predicted 14 amino nize a multitude of ADAM disintegrin binding loop se-
quences.acid binding loop is a great deal more degenerate among the
ADAMs than it is among the P-III SVMPs (Fig. 3a). For Thus, both sequence and functional analysis suggest that
the disintegrin-like domains of the P-III SVMPs and at leastexample, although all of the P-III snake disintegrins contain
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FIG. 4. Phylogenetic analysis of ADAM metalloprotease-like domains. Phylogenetic analysis was performed on the metalloprotease-like
domains of 29 ADAMs, which represent the orthologs of 13 different published full-length ADAMs (Table 1), and three SVMPs, Ht-d
(GenBank U01237), atrolysin E (GenBank M89784), and catrocollastatin (GenBank U21003). ADAM 4 is not included in the analysis
because the full-length sequence of its metalloprotease domain is not known. ADAM 10 is not included because the sequence of its
metalloprotease domain is not well conserved with other ADAMs and SVMPs. Different colors indicate the major branches of the tree.
Numbers on the nodes indicate the bootstrap value, that is, the number of times that fork was generated in 100 separate analyses. Amino
acid sequences corresponding to amino acids 245±439 of guinea pig ADAM 1 were aligned using ClustalW (Thompson et al., 1994); these
alignments were modi®ed slightly by hand. Trees were constructed using algorithms in PHYLIP (Phylogeny Inference Package) version
3.5c (Feldenstein, 1993). The sequences were subjected to 100 bootstrap replicates with SEQBOOT. PROTDIST was then used to calculate
a distance matrix based on the Dayhoff PAM probability model. Phylogenies were estimated from this distance matrix using the FITCH
program with global rearrangement and multiple jumbles (reordering the data set 25 times). The consensus trees were then determined
by CONSENSE. Nodes with bootstrap values of 60 or less were discarded. The ®nal tree diagram was generated with TREETOOL
(Maciukenas, 1994) and colored with Freehand (Macromedia, Inc.).
FIG. 3. ADAM disintegrin loop and cytoplasmic tail sequences. (a) The disintegrin loop sequences of all published ADAMs listed in Table 1
are shown. Residues are boxed at positions of greater than 50% identity. Asterisks indicate the position of the P-II SVMP RGD tripeptide. The
sequences of monkey ADAMs 1.1 and 1.2 are identical in this region. (b) The cytoplasmic tail sequences of selected ADAMs listed in Table 1
are shown. Boxes indicate all classes of putative consensus sequences for binding to Abl, Src, and/or Src-related SH3 domains (Alexandropoulos
et al., 1995). Some boxes cover more than one potential binding site. We present all orthologs of ADAMs 1 and 2. However, in other cases where
the tails of the orthologs are similar in length and character, we show only one representative sequence. The tails of all known orthologs of
ADAMs 8, 9, 10, 12, and 15, and certain orthologs of ADAMs 1, 6, and 7, contain the putative consensus binding sequences.
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a subset of the ADAMs engage integrin receptors (Fig. 2C). et al., 1995), no ADAM has yet been formally shown to
possess bona ®de membrane fusion activity. Proof that aRecent data suggest that, because they are soluble proteins,
the P-III SVMP disintegrins can disrupt binding between candidate fusion peptide truly functions as such requires
extensive biochemical, molecular biological, and biophysi-cells and the extracellular matrix by interfering with inte-
grin-mediated interactions (Fig. 2B). Conversely, the ADAM cal analysis (Hernandez et al., 1996).
disintegrin-like domains, as parts of membrane-anchored
proteins, may promote, rather than disrupt direct cell±cell
interactions (Fig. 2C). Support for both aspects of this model THE POTENTIAL SIGNALING DOMAIN
are the observations that a peptide analog of the P-III snake
disintegrin atrolysin a blocks platelet aggregation (Jay Fox, The cytoplasmic tails of the ADAMs, which range in
length from 11 to 176 amino acids, have unusual amino acidpersonal communication) and that peptide analogs of the
ADAM 2 disintegrin loop inhibit sperm±egg plasma mem- compositions (Fig. 3b), but do not share signi®cant sequence
similarity with each other or with other proteins. Severalbrane interactions (Almeida et al., 1995; Evans et al., 1995;
Myles et al., 1994). Recent evidence suggests that the disin- ADAM tails are rich in proline, some are rich in other amino
acids such as lysine and serine, and several have consensustegrin domain of mouse ADAM 2 interacts with the integrin
a6b1 (Almeida et al., 1995), but it remains to be determined sites for phosphorylation. Although the character and
length of the cytoplasmic tails of ADAMs 2, 5±7, 9, and 10whether other ADAMs bind to a6b1, other integrins, or
other receptors (see also Snell and White, 1996). We make are relatively well conserved across mammalian species,
the tails of some orthologs are quite different. For example,two further predictions from the basic model (Fig. 2C). First,
soluble SVMP disintegrins may also be able to disrupt AD- the tails of monkey and mouse ADAM 3 are different
lengths, and, with the exception of rabbit ADAM 1 andAMs-mediated cell±cell interactions. Second, given that in-
tegrins are known to transmit important signals into cells monkey ADAM 1.1, the tails of the ADAM 1s are fairly
distinct. As two isoforms of monkey ADAM 1 have beenupon engaging their ligands, it is possible that ADAMs
transmit signals through integrin receptors (Clark and described, it is likely that there are ADAM 1 isoforms with
alternate cytoplasmic tails in other species as well. In con-Brugge, 1995; Ginsberg, 1995; Hynes, 1992) (Fig. 2C).
trast, the tail sequences of the two isoforms of monkey
ADAM 6 are fairly well conserved.
Several of the ADAM tails are rich in proline, a fact whichTHE POTENTIAL CELL FUSION DOMAIN
suggests that they might contain binding sites for cytoskele-
tal associated proteins or SH3 domain-containing proteins,Cell±cell fusion is the culmination of a series of develop-
mental events that is preceded by cellular differentiation, a large group of signaling molecules (Pawson, 1995). Prelim-
inary support for this hypothesis has come from the recentalignment, and adhesion, and, in some cases, cell migration.
In fact, involvement in cell fusion might be considered as observation that, in a Western blot overlay assay, a gst fu-
sion protein containing two proline-rich regions of the tailan additional function bestowed upon a small subset of cell
adhesion molecules. The possibility that ADAMs might be of ADAM 9 serves as a binding site for the SH3 domain of
Src, a protein tyrosine kinase. The SH3 domain of Abl, an-involved in cell fusion events was raised by the observation
that ADAM 1 (fertilin a) shares features in common with other protein tyrosine kinase that binds different ligands,
does not bind to the immobilized gst-tail constructviral fusion proteins, notably the possession of a candidate
fusion peptide (Blobel et al., 1992). Three additional AD- (Weskamp et al., 1996). Furthermore, the tails of several
ADAMs, including all known orthologs of ADAMs 8, 9,AMs (Table 1) contain a potential fusion peptide, a rela-
tively hydrophobic stretch of 23 amino acids embedded 10, 12, 13, and 15, contain putative consensus sequences
(Alexandropoulos et al., 1995) for binding to Abl, Src, and/in the cysteine-rich domain. Like viral fusion peptides, the
candidate ADAM fusion peptides do not share signi®cant or Src-related SH3 domains (Fig. 3b). Hence, although the
natural ligands for ADAM tails have not yet been identi®ed,sequence similarity, but they can be modeled as either an
a-helix or b-sheet with one very hydrophobic face (Hernan- it is likely that some of these tails have signaling potential.
Moreover, ADAMs may send signals by binding to integrindez et al., 1996). The presence or absence of these character-
istics is conserved among the orthologs of a given ADAM. (or other) receptors (Fig. 2C), and thus, the possibility for
bidirectional signaling exists.For example, all ADAM 1s sequenced to date contain a
potential fusion peptide, whereas the ADAM 2s do not.
Alignment of the cysteine-rich domains of ADAMs with
those of P-III SVMPs suggests that the SVMPs are lacking REGULATION OF ADAM FUNCTION
20 amino acids which correspond to the ADAM fusion
peptide region. We emphasize that the classi®cation of AD- As described above, we can envision four potential func-
tions of the ADAMs: proteolysis, cell adhesion, cell fusion,AMs into potential fusogenic and nonfusogenic molecules
is purely hypothetical. Although ADAMs 1 and 12 have and signaling. We further predict, based on the sequence
analysis presented in Table 1 and Fig. 3, that different AD-been implicated in pathways leading to cell±cell fusion
(Muga et al., 1994; Primakoff et al., 1987; Yagami-Hiromasa AMs only have the potential to manifest a subset of these
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activities. Beyond the limitations built into the mRNA and somes than that to which human ADAM 11 was previously
mapped (Emi et al., 1993). The only published genomic se-protein sequences themselves, there are several ways in
which the functions of ADAMs can be regulated. At the quence of an ADAM is that of human ADAM 11 (Katagiri
et al., 1995). The ends of its 28 exons do not fall at thegenetic level, ADAMs can be regulated by alternative splic-
ing (see next section) and differential gene expression. For predicted interdomain boundaries. Preliminary evidence
suggests that some ADAMs may be encoded by more thanexample, although messages for many ADAMs are ex-
pressed in a wide variety of tissues, some ADAMs are tissue one genomic segment. For example, there are two isoforms
of monkey ADAM 6 cDNA which are likely to encode full-speci®c. And within a given tissue (e.g., testis), expression
of different ADAMs is developmentally regulated (Wolfs- length proteins (Perry et al., 1995a). As the differences be-
tween these two cDNAs are spread throughout the lengthberg et al., 1995b).
The activities of the ADAMs may also be regulated at of the sequence, the two isoforms probably represent two
different genes, but could also be the products of alternativethe protein level. Expression on the cell surface is one
method of regulation. Only ADAMs 1±3, 9, 12, and 15 have splicing. Furthermore, mouse (C. Cho, P. Primakoff, and
D. G. Myles, unpublished observations) and human (P. D.been shown to be present on the cell surface (Kratzschmar
et al., 1996; Linder et al., 1995; Primakoff et al., 1987; Straight, T.G.W., and J.M.W., unpublished observations)
ADAM 1 appear to be encoded by more than one gene. SomeWeskamp et al., 1996; Yagami-Hiromasa et al., 1995), and
in sperm, cell surface expression of ADAMs 2 and 3 has ADAMs are also likely to be represented by transcribed
pseudogenes. mRNAs containing multiple stop codons havebeen shown to be posttranslational (Carroll et al., 1995;
Linder et al., 1995). Formation of higher order homo- or been identi®ed for monkey ADAM 6c (Perry et al., 1995a)
and human ADAM 1 (P. D. Straight, T.G.W., and J.M.W.,hetero-oligomers may be another method of regulation of
ADAM functions. ADAMs 1 and 2 are a tightly associated unpublished observations).
SVMP, and likely ADAM, mRNAs appear to undergo al-heterodimer on the sperm surface (Blobel et al., 1990; Pri-
makoff et al., 1987) (S. Waters and JMW, unpublished obser- ternative splicing events. For one, a partial genomic se-
quence encoding the SVMP halystatin is likely to be tran-vations). However, ADAM 1, which is also expressed in
many tissues outside of the testis, may form alternate com- scribed into two alternatively spliced mRNAs (GenBank
D28871). It is interesting that although both predictedplexes in other tissues (Wolfsberg et al., 1995b). ADAM 15,
has been found in a complex with an unidenti®ed 56-kDa mRNAs contain an RGD tripeptide in their disintegrins
domains, they differ in other residues in the disintegrinprotein (Kratzschmar et al., 1996).
Finally, ADAMs may be regulated by proteolytic pro- loop. Second, two isoforms of monkey ADAM 1 have been
identi®ed (Perry et al., 1995b). As the mRNA sequencescessing, and the state of proteolytic processing is likely key
to the manifestation of the encoded functions. Proteolyti- differ only at the 5* and 3* ends, these isoforms likely repre-
sent alternatively spliced messages. Third, human ADAMcally processed forms of ADAMs 1±3, 10, and 12 have been
detected, (Blobel et al., 1990; Howard and Glynn, 1995; 11 is reported to exist as two alternatively spliced isoforms
(Katagiri et al., 1995). One of these products is full length;Linder et al., 1995; Yagami-Hiromasa et al., 1995), but AD-
AMs 7±9 and 15 have been found only as unprocessed pro- the other has a stop codon in the cysteine-rich domain and
thus might encode a soluble ADAM. Finally, the ®rst re-teins (Kratzschmar et al., 1996; Perry et al., 1992; Weskamp
et al., 1996; Yoshida et al., 1990). As many SVMPs are pro- ported sequence of human ADAM 9 (GenBank D14665) con-
tains a 146 nucleotide insertion in its cysteine-rich domaincessed at interdomain boundaries to yield soluble metallo-
proteases and disintegrins (Bjarnason and Fox, 1995), we which is not present in the recently reported human and
mouse sequences (Weskamp et al., 1996). The insertion,suspect that other, less well characterized, ADAMs are pro-
teolytically processed as well. The boundaries between the which contains multiple stop codons, may have been a se-
quencing artifact; on the other hand, it may represent anpro and metalloprotease-like and between the metallopro-
tease-like and disintegrin-like domains of many SVMPs and alternatively spliced mRNA which would encode a trun-
cated, and therefore soluble, protein.ADAMs contain di- or tetrabasic residues. These sites could
be processed by members of a family of subtilisin-like prote- Although most ADAMs cloned to date have been isolated
from mammals (Table 1), ADAMs have been found in otherases, which cleave proteins after pairs of positively charged
residues (Van de Ven et al., 1993). vertebrates as well as in invertebrates. We are aware of se-
quences for two ADAMs from Xenopus (D. Alfandari,
T.G.W., J.M.W., and D. DeSimone, unpublished observa-
tions), two from Drosophila (GenBank G01204; see alsoTHE ADAM GENES
note added in proof), up to four from C. elegans (Podbilew-
icz, 1996, Table II in Wolfsberg et al., 1995a, and GenBankThe genomic organization of the ADAMs appears to be
complicated. The initial data suggest that the genes encod- D67895), and one from the nematode Brugia malayi (Gen-
Bank H89394). Hence, it is expected that ADAMs will being ADAMs are dispersed on separate chromosomes. The
genes for mouse ADAMs 1±5 fall on four different mouse expressed in many multicellular organisms. However, AD-
AMs have not yet been identi®ed in any unicellular organ-chromosomes (Cho et al., 1996; Lemaire et al., 1994). These
genes are predicted to localize to different human chromo- isms, and there are none in the complete sequence of the
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Saccharomyces cerevisiae genome (T.G.W., unpublished ob- exist in a heterodimeric complex, and the bovine ADAM
1/2 heterodimer appears to exist as a higher order oligomerservations).
We have performed separate phylogenetic analyses of the (S. Waters and J.M.W., unpublished observations). As iso-
lated from fertilization-competent sperm, mature (proteo-pro, metalloprotease-like, disintegrin-like, and cysteine-
rich domains of the ADAMs. As analysis of all domains lytically processed) guinea pig ADAM 1 does not possess a
full disintegrin domain (Blobel et al., 1992), although itsresults in a similar tree, we show one representative exam-
ple, that derived from the metalloprotease-like domain (Fig. bovine ortholog does (S. Waters, unpublished observation);
the state of the mature mouse ADAM 1 disintegrin domain4). A striking feature of the tree is that, although orthologs
of a given ADAM cluster together, most ADAMs fall on has not yet been established biochemically. Hence, ADAM
1 and 2 are likely to be intimately associated on the surfaceseparate branches of the tree, indicating that they are all
approximately equally related to each other. The main ex- of all mammalian sperm, and both subunits may express a
full disintegrin domain. It is not known whether the ADAMceptions are the clusters of ADAMs 2, 3, and 5 and ADAMs
8, 12, 13, and 15. Furthermore, ADAM 7 appears to be most 1 subunit plays a role in sperm±egg plasma membrane bind-
ing. Conversely, three lines of indirect evidence support theclosely related to the SVMPs. We would like to point out
that, despite the naming schemes used, neither the ADAMs hypothesis that ADAM 1 may be involved in membrane
fusion: (1) All ADAM 1s cloned to date have a candidatereferred to as fertilins (ADAMs 1 and 2) nor those referred
to as MDCs (ADAMs 3, 5, 6, 9, 11, and 15) group together fusion peptide, a hydrophobic segment in their cysteine-
rich domains which models as an amphipathic a-helix or bin this analysis.
sheet; (2) A synthetic form of the guinea pig ADAM 1 fusion
peptide binds to membranes and induces fusion (Muga et
al., 1994); (3) Another ADAM, ADAM 12, has been impli-ADAMs IN DEVELOPMENT
cated in myoblast fusion (Yagami-Hiromasa et al., 1995).
Based on the evidence cited above, we have proposed aThe number of genes known to be members of the ADAM
family has grown rapidly. Nonetheless, we know very little model for sperm±egg plasma membrane binding and fusion
built on ADAMs and integrins (Snell and White, 1996). Weabout their true biological functions. In the remaining text
we will discuss some early insights into the roles of ADAMs envision this process, like that of viral fusion, to occur in
two steps (Hernandez et al., 1996). We propose that the ®rstin fertilization and subsequent developmental events.
stepÐbindingÐis fostered by the disintegrin domain of
ADAM 2 (on the sperm) engaging an integrin on the egg
plasma membrane (Fig. 2C). Different species may use dif-ADAMs IN FERTILIZATION
ferent integrins for this purpose (Almeida et al., 1995; Fusi
et al., 1993), and additional sets of receptors/coreceptorsADAMs were ®rst implicated in fertilization with the
observation that a monoclonal antibody against ADAM 2 may enhance binding avidity. Next, extrapolating from the
viral model, we propose that there is a conformational(fertilin b) inhibits fusion of acrosome-reacted guinea pig
sperm with zona-free guinea pig eggs (Primakoff et al., change in the ADAM 1/2 complex that exposes the candi-
date fusion peptide of ADAM 1 so that it can bind, hydro-1987). Subsequent cloning of the ADAM 2 cDNA predicted
a disintegrin-like domain as the major functional domain phobically, to the egg bilayer. These events, in the context
of a cluster of ADAM 1/2 complexes, would lead to theof the extracellular region of ``mature'' ADAM 2, the form
expressed on fully developed fertilization-competent sperm formation and opening of a fusion pore (Hernandez et al.,
1996). We emphasize that this is a working model and a(Blobel et al., 1992). (ADAM 2 is expressed as a larger precur-
sor on early testicular cells.) Peptide-inhibition studies, in great deal of effort must be applied to test its tenets.
Additional ADAMs, as well as other cell surface mole-both the guinea pig (Myles et al., 1994) and the mouse (Al-
meida et al., 1995; Evans et al., 1995), provided evidence cules, may be involved in sperm±egg plasma membrane
binding or fusion. For example, RNAs encoding ADAMs 3±that the predicted disintegrin loop region of ADAM 2 (Fig.
3a) is involved in sperm±egg binding and fusion. As eggs 6 are expressed in spermatogenic cells. Furthermore, mouse
ADAM 3 appears to be expressed on the sperm surface fol-from a variety of mammalian species express integrins on
their surfaces (Almeida et al., 1995; Evans et al., 1995; Fusi lowing the acrosome reaction, an exocytic fusion event
within the sperm which is required both for penetrationet al., 1993), and since the integrin a6b1 has been impli-
cated in mouse sperm±egg binding, it is reasonable to pro- through the zona pellucida as well as, in an unknown man-
ner, for sperm±egg fusion. Thus, a third ADAM, ADAM 3,pose that binding between the disintegrin domain of ADAM
2 and an egg integrin (Fig. 2C) accounts, at least in part, may also be needed for fertilization (Linder et al., 1995).
The role(s) of ADAMs 4±6 in fertilization have not yet beenfor an initial interaction between sperm and egg plasma
membranes. assessed. An intriguing, but as yet untested possibility, is
that, in addition to roles in sperm±egg plasma membraneBased on their coelution on a variety of columns, coim-
munoprecipitation, and existence in an SDS-resistant com- binding and fusion, ADAMs, by virtue of their predicted
integrin ligand domains, may participate in the downstreamplex, it is now known that both guinea pig (Blobel et al.,
1990; Primakoff et al., 1987) and bovine ADAMs 1 and 2 signaling events that ensue subsequent to fertilization. A
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signal transduced by an ADAM binding to an integrin may, ADAMs IN OTHER DEVELOPMENTAL
in conjunction with the deposition of a sperm cytoplasmic EVENTS
factor (Parrington et al., 1996), initiate early postfertiliza-
tion events, such as the induction of calcium waves, cortical Given the large number of ADAMs, their broad tissue
granule exocytosis, resumption of the cell cycle, and initia- distribution, and four potential functions, it would not be
tion of zygotic transcription (Jaffe, 1996). surprising if ADAMs were involved in a plethora of im-
portant developmental events in addition to fertilization
and myoblast fusion. We can already speculate on a few.
ADAMs 1±5 are expressed on early spermatogenic cells and
could be involved in adhesive events between, for example,ADAMs IN MYOBLAST FUSION
developing sperm and Sertoli cells (Salanova et al., 1995).
Given the prediction that it encodes a functional metallo-
Several ADAMs are expressed in both adult and devel- protease (Table 1), ADAM 1 could be involved in remodel-
oping muscle cells and may therefore participate in the cell± ing the developing sperm surface, (i.e., proteolytically pro-
matrix and cell±cell interactive events that culminate in cessing itself, other ADAMs, or other sperm surface pro-
myoblast fusion. Among the full-length ADAMs, we know teins). The ADAM 1 protease domain could also be involved
that ADAMs 1, 4, 9, 10, 12, and 15 are expressed in adult in sperm migration through the testis, or in the release of
(as well as in developing) muscle cells (Table 1). ADAMs 1, testicular sperm into the lumen of the epididymis. We do
4, 9, and 15 appear to be expressed ubiquitously not think at present that the protease domain of ADAM 1
(Kratzschmar et al., 1996; Weskamp et al., 1996; Wolfsberg is involved in later spermatogenesis, movement through
et al., 1995b), whereas ADAM 12 (meltrin a) is expressed the male or female reproductive tracts, or fertilization per
at high levels in muscle and at lower levels in bone (Yagami- se, as the domain is proteolytically separated from the ma-
Hiromasa et al., 1995), and has also been identi®ed in pla- ture protein in the testis (Blobel et al., 1990). The potential
centa (see Table 1 legend). Sequence tags corresponding to adhesion domain of ADAMs 1±5 could, however, be in-
several other ADAMs have been detected in myoblasts, in- volved in some of the later aspects of spermatogenesis and
cluding meltrins b and g (Yagami-Hiromasa et al., 1995) movement of sperm to meet the egg. As ADAMs 1, 2, and
and GenBank U06145 and U06151 (Weskamp and Blobel, 12 have been implicated in cell±cell fusion events of
1994). sperm±egg fusion and myoblast fusion, there is a possibility
Of the ADAMs detected in muscle, only ADAM 12 has that ADAMs will be involved in other cell±cell fusion reac-
been assayed for its role in the pathway leading to myoblast tions, for example, fusion of monocytes to form osteoclasts,
fusion. Overexpression of a full-length ADAM 12 construct fusion of cytotrophoblasts to form the syncytial lining of
impedes fusion of C2 myoblasts. Conversely, overex- the placenta, the massive cell fusion events that occur in
pression of an ADAM 12 construct lacking the pro and met- the hypodermis of C. elegans (Podbilewicz and White,
alloprotease domains increases the rate of myoblast fusion 1994), and in giant cell formation during in¯ammatory re-
and leads to the production of structures called ``myosacs'' sponses. In fact, ADAM 12 was detected at low levels in
instead of the normal elongated myotubes (Yagami-Hiro- bone (Yagami-Hiromasa et al., 1995) and in placenta (see
masa et al., 1995). How ADAM 12 actually participates in Table 1 legend). ADAMs 1, 9, and 15 have been detected
myoblast fusion remains a mystery. Analysis of its ectodo- in placental tissue (P. D. Straight and J.M.W., unpublished
main (Table 1) reveals that it is likely to be a catalytically observations; Table 1 legend), and ADAM 13 has been found
active metalloprotease. Since we do not yet know the rules in the C. elegans hypodermis (Podbilewicz, 1996).
that dictate an active disintegrin loop sequence, we enter- In addition to the examples listed above, ADAMs may
tain the possibility that ADAM 12 functions as a cell adhe- be involved in other developmental events that involve cell
sion coreceptor, perhaps for an integrin; integrins are ex- migration and/or adhesion to the extracellular matrix or
pressed on developing myoblasts (Bronner-Fraser et al., other cells. Prominent possibilities include gastrulation and
1992; Rosen et al., 1992). Its potential fusion domain is neurulation. Preliminary work has shown that, in Xenopus,
less well characterized. The authors reported that a region different ADAMs are expressed at different developmental
which overlaps, but is not identical to, the fusion peptide stages. Characterization of the expression pattern of one of
regions of other ADAMs shares limited sequence identity these, ADAM 13, suggests a role in neural crest cell migra-
with the fusion peptide of Sendai virus. The relevance of tion and somitogenesis (D. Alfandari, T.G.W., J.M.W., and
this sequence comparison is not clear, and, furthermore, we D. DeSimone, unpublished observations). Future work will
do not know if this sequence could truly function as a fusion undoubtedly reveal a multitude of developmental events in-
peptide. As outlined above for ADAM 1, future experiments volving ADAMs.
are necessary to determine whether ADAM 12 is a true
fusogenic subunit (Hernandez et al., 1996). If not, it may be ACKNOWLEDGMENTS
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